The low-energy capture of a dipolar diatomic molecule in an adiabatically isolated electronic state with a good quantum number ⍀ ͑Hund's coupling case a͒ by an ion occurs adiabatically with respect to rotational transitions of the diatom. However, the capture dynamics may be nonadiabatic with respect to transitions between the pair of the ⌳-doubling states belonging to the same value of the intrinsic angular momentum j. In this work, nonadiabatic transition probabilities are calculated which define the ⌳-doubling j-specific capture rate coefficients. It is shown that the transition from linear to quadratic Stark effect in the ion-dipole interaction, which damps the T −1/2 divergence of the capture rate coefficient calculated with vanishing ⌳-doubling splitting, occurs in the adiabatic regime with respect to transitions between ⌳-doubling adiabatic channel potentials. This allows one to suggest simple analytical expressions for the rate coefficients in the temperature range which covers the region between the sudden and the adiabatic limits with respect to the ⌳-doubling states.
I. INTRODUCTION
Improving insight into the chemistry of the interstellar medium 1 has directed attention to the rates of elementary chemical reaction at very low temperatures, among which ion-molecule reactions play an important role ͑for recent reviews, see, e.g., Refs. 2-5͒. Under low temperature conditions, capture-controlled processes are most relevant such that capture theories of reaction rates are of particular interest. Such theories are relatively well understood for encounters of ions with electronically closed shell molecules ͑see, e.g., Refs. 6-8͒, while capture of open shell species by ions is characterized by a series of complications. Early treatments 6, 9, 10 left the impression that the rates diverged at T → 0 K which, however, clearly is not true. The present series of articles 11 try to clarify the situation by providing a more elaborate treatment for rates of capture of polar open shell radicals by ions. Our interest not only focuses on temperatures in the 10 K range of interstellar molecular clouds but we also try to extend the range essentially down to 0 K. [12] [13] [14] In addition, we try to provide rates for fully stateresolved species.
Following our concept, we have to inspect the basics of scattering theory. State-specific rate coefficients for capture then have to be calculated by solving the scattering equations for a half-collision problem with absorbing boundary conditions at the complex surface, the so-called statistical-closedcoupled method. [15] [16] [17] [18] This general approach is simplified when the capture occurs under adiabatic conditions with respect to transitions between different rotational states. Then, the optimal way to formulate the scattering equations is to use the adiabatic rotronic basis since the coupling to adiabatically closed channels, which is present in an arbitrary basis, appears through the adiabatic potentials. This approach, known under different acronyms ͑statistical adiabatic channel method, 19 perturbed rotational state method, 20, 21 adiabatic invariance method, 22, 23 adiabatic capture centrifugal sudden approximation 24 ͒, uses a classical description for the relative motion of the colliding partners. At very low temperatures, the quantal effects of relative motion begin to show up, and the transition from classical to quantum behavior was elaborated, e.g., in Refs. 12-14. The situation becomes more complicated when open electronic states are involved. The given approaches implicitly assume that the capture occurs in the sudden regime with respect to closely spaced molecular states ͑spacing much smaller than the spacing between the rotational levels͒. Such closely spaced molecular states arise as the result of intramolecular nonadiabatic interaction ͑the ⌳-doubling effect for molecules in an open electronic state͒ and the hyperfine interaction. If the splitting between such closely spaced states is ignored, the rate coefficient for capture of a dipole molecule in an open electronic state by an ion shows the T −1/2 divergence in the limit T → 0. This divergence is an artifact due to assumption of a persistence of the linear Stark interaction 6, 9, 10 between a molecule and an ion up to very large separations. In reality, however, the Stark effect becomes quadratic. This removes the intramolecular degeneracy of the rotational states and results in a suppression of the T −1/2 divergence of the capture rate at very low temperatures. The change in the capture dynamics of a dipolar molecule by an ion with decreasing collision energy ͑or translational temperature͒ was qualitatively discussed in Ref. 25 . There was, however, no systematic quantitative study of this change because of the compli-cated pattern of adiabatic channel potentials and possible nonadiabatic transitions between closely spaced adiabatic channel ͑AC͒ states that account for ⌳-doubling and hyperfine interaction. In order to avoid the involved computations of AC potentials with simultaneous ⌳-doubling and hyperfine structure effects and the resulting multichannel nonadiabatic interactions, in the present study, we restrict ourselves to the case that the ⌳-doubling splitting exceeds noticeably the hyperfine structure splitting. Then, it is possible to simplify the general treatment by totally ignoring the hyperfine structure. The effect of the latter is considered in a separate paper devoted to capture of the NO by C + , see Ref. 26 . Our interest in the theory of nonadiabatic transitions between ⌳-doubling levels was also prompted by the possibility to experimentally investigate inelastic scattering from individual ⌳-doubling states, for instance, in collisions of NO͑X 2 ⌸ 1/2 , j =1/ 2͒ and OH͑X 2 ⌸ 3/2 , j =3/ 2͒ with noblegas atoms. [27] [28] [29] [30] The aim of this paper is to extend the general adiabatic channel treatment to the case when the capture dynamics with respect to ⌳-doubling states in ion-molecule collisions is essentially nonadiabatic and to illustrate the transition between the sudden and adiabatic regimes with respect to these states. We assume that the molecular state is characterized by Hund's coupling case a ͑isolated electronic state with the good quantum number ⍀, the absolute value of the projection of the electronic angular momentum onto the molecular axis͒ and completely neglect the hyperfine interaction. In Sec. II, we discuss the hierarchy of approximations in the capture dynamics of a dipolar diatom by an ion. Section III describes the calculation of nonadiabatic transition probabilities between ⌳-doubling adiabatic channel states. Section IV presents calculations of nonadiabatic capture rates under the condition that the ⌳-doubling spacing is much lower than the thermal energy. Section V considers the adiabatic capture for arbitrary relations between the ⌳-doubling spacing and the thermal energy. Section VI contains a general discussion and our conclusion.
II. HIERARCHY OF APPROXIMATIONS IN THE CAPTURE DYNAMICS OF A POLAR DIATOM AND AN ION
AC states and potentials are generated by diagonalization of the Hamiltonian of the collision partners at a fixed interfragment distance R and by choosing the collision axis R, accounting for the quantization of the intrinsic angular momentum j of the diatom. For a nonvibrating diatom ͑or a diatom in a given vibrational state͒, the Hamiltonian consists of the rotational energy of the diatom and the interaction energy between the diatom and the ion.
The rotational energy spectrum of the diatomic molecule in an open shell degenerate electronic state with a good quantum number ⍀, which consists of doublets belonging to the same value of j ͑the ⌳-doubling phenomenon͒. These components, conventionally called e and f components, 31 can also be labeled by the parity index which is related to the parity as = ͑−1͒ j−1/2 , see Refs. 32-34. The parity quantum number for the lowest components usually alternates along the ladder of the quantum numbers j, while remains the same. In this work, we label the lower and upper components by = + 1 and = −1, respectively, in accord with the assignment for NO͑X 2 ⌸ 1/2 ͒, see Ref. 34 . The rotational energy levels then are written as E j, , and the splitting ⌬E j = E j,−1 − E j,+1 between the components of the doublet results from the rotational nonadiabatic and spin-orbit coupling of the given electronic state to other electronic states.
The interaction between the diatom and the ion is taken in a form appropriate for low-energy collisions, i.e., it includes only the long-range limit of the ion-molecule interaction. Namely, it includes the charge-permanent dipole, charge-permanent quadrupole, and charge-induced dipole terms. 35 For simplicity, we neglect the anisotropy in the charge-induced dipole term and assume that the quadrupole tensor is axially symmetric. In this way, we consider an interaction potential of the form
where ␥ is the angle between the collision axis R ͑directed from the center of mass of the diatom toward the ion͒ and the molecular axis r ͑directed along the dipole moment vector͒, P 1 and P 2 are the Legendre polynomials, D , Q, and ␣ are the dipole moment, quadrupole moment, and the mean polarizability of the diatom, respectively, and q is the charge of the ion. If the Hamiltonian Ĥ is diagonalized at a fixed interfragment distance R in the set of the free-molecule functions ͉⍀ , , j , ͘ free , with being the projection of the intrinsic angular momentum onto the space-fixed quantization axis R, it yields, as its eigenvalues, the AC energies W͑R͒. They can be labeled by the exact quantum number and a set of new quantum numbers ͑we omit from now on the quantum number ⍀ which is the same for all states͒. These new quantum numbers can be written as j , , understanding that they have their usual meaning only asymptotically ͑at the limit R → ϱ͒ such that they are established by the adiabatic correlation of W j,, ͑R͒ with E j, . Once the eigenvalues W j,, ͑R͒ are written as
they define the AC potentials Ṽ j,, ͑R͒. Note that the AC states ͉ , j , ͘ AC are doubly degenerate with respect to the sign of such that the AC potentials can be written as Ṽ j,, ͑R͒, where = ͉ ͉.
Calculations of state-specific cross sections and capture rate coefficients, in principle, should use AC potentials Ṽ j,, ͑R͒. However, the general treatment can be simplified under conditions when nonadiabatic transitions between certain groups of states fall into the sudden or adiabatic regimes. In the sudden regime, the population of the respective AC states becomes statistical before the system reaches the characteristic distance which corresponds to capture. Therefore, the specification of the initial states with the quantum numbers within this group is redundant, and these states can be removed both from the AC potentials and the scattering equations. A well-known example of this approach is the calculation of rotationally specific capture rate coefficients k j , which implicitly assumes that the capture is sudden with respect to transitions between ⌳-doubling components. Then AC potentials are calculated from the Hamiltonian with the rotational energy of the diatom without accounting for the ⌳-doubling. In our work, 11 these AC potentials for a molecule in an isolated state of Hund's coupling case a with the quantum number ⍀ were written as V j,m Acc ͑R͒. The quantum number m was defined through its absolute value ͉m͉ = and the condition that the positive/negative values of m correspond to the attractive/repulsive charge-permanent dipole interaction. ͑This definition coincides with the alternative definition m =−͉ ͉sign͑⍀ ͒, where ⍀ is the projection of the intrinsic angular momentum onto the molecular axis with the convention that the direction of the molecular axis coincides with that of the dipole moment and the molecule interacts with a positive ion.͒ For the sake of simplicity, we will write V j,m Acc ͑R͒ simply as V j,m ͑R͒. At large distances, AC potentials can be calculated analytically in the so-called perturbed rotor ͑PR͒ approach which retains the same powers of R as the potential in Eq. ͑1͒. It incorporates first-order chargepermanent dipole ͑cd͒ ͑proportional to R −2 ͒, first-order charge-permanent quadrupole ͑cq͒ ͑proportional to R −3 ͒, and the Langevin ͑L͒ term consisting of the charge-induced dipole ͑cid͒ plus second-order charge-permanent dipole terms ͑both proportional to R −4 ͒. The general expression for V j,m PR ͑R͒ for an isolated electronic state ͉⍀͘ reads as
with the following partial contributions:
where B is the rotational constant of the diatom ͑in energy units͒, s m = sign͑m͒, and a j,m is positive. In Eq. ͑4͒, we write s m ͉m͉ instead of m in anticipation of a generalization for ⌳-doubling effect ͓see Eq. ͑7͒ below͔.
If the effects of ⌳-doubling are included, the calculation of the AC potentials, in general, should be performed taking nonadiabatic interactions with higher electronic states into account. However, this complication could not be relevant if the ⌳-doubling splitting is much smaller than the energy for rotational transitions. Then, the effects of ⌳-doubling will show up when the AC potentials V j,m ͑R͒ are adequately given by their PR counterparts, V j,m PR ͑R͒. The latter can be modified in such a way that the term, which represents the linear Stark effect, is transformed into a term describing an intermediate Stark effect such that V j,m PR ͑R͒ is changed into Ṽ j,m PR ͑R͒. This transformation can be easily accomplished because, first, the quantum number j in the PR region can be 
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identified to the rotational quantum number of the diatom, and, second, the wave functions of the ⌳-components of the diatom with the quantum number j are positive and negative linear combinations of ⍀ and −⍀ states. 31 Since only the charge-dipole interaction mixes free states of different parity, the ⌳-doubling effect modifies solely the cd term in the PR potential. Namely, the term Ṽ j,m cd , which describes the intermediate Stark effect for cd interaction and includes the ⌳-doubling splitting ⌬E j , when presented in the j , m nomenclature, reads as
where again positive/negative values of m refer to the attractive/repulsive cd interaction in the intermediate Stark effect regime. In the limit R → ϱ, because of the adiabatic correlation = sign͑m͒, Ṽ j,m cd ͑R͒ converges to E j, , and for
Therefore, the full PR AC potentials that take into account the ⌳-doubling effects can be written as
which has the following R-dependence in the regions of the linear and quadratic Stark effect:
The given hierarchy of the AC potentials will be used in our calculation of state-specific capture rate coefficients for different temperature ranges specified by the characteristic temperature
Finally, we reiterate that an AC state with the quantum number m is doubly degenerate with respect to the two possible signs of = Ϯ ͉m͉ or to the two possible values of the symmetry index related to the reflection of the AC state at a plane passing through the collision axis. This degeneracy is lifted when one passes from the AC approximation to the axially nonadiabatic channel ͑ANC͒ approach when each ANC state will correspond to a definite value of the total angular momentum and a total parity of the collision complex.
As an illustration to the above, we show AC potentials for the system of a positive ion+ 11, the AC PR potentials can be used for the approximate calculation of the reduced rate coefficient for capture of NO͑X 2 ⌸ 1/2 , j =1/ 2͒ by C + at T Ͼ 0.1 K, also see below. ͑ii͒ Fig. 2 , j =3/ 2. The slight asymmetry of the AC potentials with respect to the zero line in the right part of the figure indicates a noticeable effect of the chargequadrupole interaction and some contribution of the charge-induced dipole interaction. One also sees an incipient deviation of the accurate potential with m =1/ 2 from its AC counterpart. The accurate potentials in the left part noticeably deviate from their AC PR counterparts. The attractive interaction is weaker compared to the j =1/ 2 case which is due to the result of the smaller projection of the molecular dipole moment onto the collision axis. As a result, the capture rate coefficient for j =3/ 2 is noticeably smaller than that for j =1/ 2, see Ref.
11. ͑iii͒ Fig. 3 , j =5/ 2. The strong asymmetry of the AC potentials with respect to the zero line in the right part of the figure indicates a larger effect of the chargequadrupole interaction and a noticeable contribution of the charge-induced dipole interaction. A new feature ͑compared to j =1/ 2 and j =3/ 2͒ is the attractive AC potential with m =1/ 2 that correlates with the upper ⌳-component of the free molecular state. We note in passing that the large-R representation of Ṽ j,m PR ͓charge-quadrupole plus modified Langevin interaction, see Eq. ͑9͔͒ provides a good approximation to Ṽ j,m PR for R Ͼ 300 a.u., where the interaction becomes smaller that about 0.02 K. The accurate potentials in the left part quite strongly deviate from their AC PR counterparts. The rate coefficient for j =5/ 2 is slightly smaller than that for j =3/ 2, and its temperature dependence shows features which are similar to the rate coefficient for capture of a molecule with vanishing dipole moment. 11 Also shown in Figs. 1-3 ͑by triangles on the abscissa͒ are the locations R j,m ͑r͒ of possible nonadiabatic transitions between the AC states ͉j , m͘ and ͉j ,−m͘ ͑see next section͒.
III. NONADIABATIC TRANSITIONS FOR ⌳-DOUBLING STATES
For temperatures T ӷ T ⌳ , the passage of the potential barriers by the collision partners toward the complex boundary occurs under conditions where the effective AC potentials between the molecule and the ion are governed by linear Stark effect. However, during their mutual approach to the barriers, the partners pass a region where the quadratic Stark effect changes into linear Stark effect, and in this region nonadiabatic transitions between the AC potentials Ṽ j,m PR and Ṽ j,−m PR are possible. The nonadiabatic transition probability P j,m should be found from the solution of two coupled equations containing the amplitudes of the ͉j , m͘ AC and ͉j ,−m͘ AC states. Under the condition when the ⌳-doubling spacing ⌬E j is much smaller than the collision energy E, these equations can be formulated in the "impact parameter approximation" ͑i.e., in the common trajectory approximation for a rectilinear trajectory with a fixed velocity ͒ of relative motion. The most important quantity that determines the nonadiabatic transition probability is the Massey parameter j,m . According to the standard procedure, 37 it is defined through the energy spacing ⌬E j , collision velocity , and the distance R j,m ͑i͒ from the value R j,m c at which the AC potentials The Massey parameter for nonadiabatic transitions between the AC states ͉j , m͘ and ͉j ,−m͘ is written as
where is the reduced mass of the colliding partners. 
such that j,m may be of the order of unity even for a small value of the ratio ⌬E j / E. We therefore conclude that, for T Ͼ T ⌳ , the capture may occur in the nonadiabatic regime with respect to transitions between the ⌳-doubling components of a given rotational state. With decreasing temperature, the ratio ⌬E j / E increases, and the capture dynamics, still with ⌬E j / E Ӷ 1, becomes adiabatic ͑i.e., P j,m becomes negligibly small͒.
The nonadiabatic dynamics in the passage from the region of the quadratic Stark effect to the linear Stark effect, under the condition ⌬E j / E Ӷ 1, is described by coupled timedependent equations for the amplitudes of the AC states evolving along a straight-line trajectory. One can use different basis functions in writing these equations. Here, we adopt the basis of the AC states without the ⌳-doubling interaction. In this representation, the charge-dipole interaction is diagonal, while the ⌳-doubling interaction appears as a coupling.
Omitting the subscripts in a and ⌬E, the equations for the amplitudes A + and A − of these basis states are written in the form
These equations should be integrated along a trajectory with the impact parameter b such that
If we introduce a scaled distance = R / R 0 , a scaled impact parameter ␤ = b / R 0 , and a scaled linear distance = ͱ
where = ⌬ER 0 / ប. For the calculation of the transition probability for a single passage of the coupling region, Eq. ͑14͒ should be integrated from small where 1 / 2 ӷ 1 ͑region of the linear Stark effect͒ to large where 1 / 2 Ӷ 1 ͑region of the quadratic Stark effect͒, with the initial conditions
Then, the transition probability is equal to
In this way, the transition probability P will depend on the two parameters and ␤, i.e., P = P͑ , ␤͒. Two limiting expressions for P = P͑ , ␤͒ are known. In the sudden limit, for → 0, the transition probability P = P sudd can be calculated as the square of the projection of the ͉j , ͘ state onto the ͉j , ⍀ ͘ state which yields P sudd =1/ 2. In the near-adiabatic limit, for ӷ 1, when the transition probability is exponentially small, it is given by the standard exponential expression 
͑17͒
where t r is an arbitrary real time and t c is a complex time which corresponds to the vanishing value of the square root. When the integral in the exponent is expressed in the reduced parameters, Eq. ͑17͒ reads as
The limiting values of ͑␤͒ are
ͮ ͑20͒
The function ͑␤͒ is illustrated in Fig. 4 . Also shown is a simple analytical approximation
with n = 2.9.
As noted above, in general, the transition probability depends on the two parameters: and ␤. However, the dependence on the reduced impact parameter ␤ can be neglected if the probabilities are used for calculations of capture rate coefficients under the condition ⌬E Ӷ E. Indeed, the capture distance R c is of the order of ͱ a / E, while the characteristic value of the impact parameter, which affects the transition probability, is of the order of ͱ a / ⌬E. Since the former is substantially smaller than the latter, we can simplify the transition probability P in the range of small ␤, which is of interest for the capture, by writing ͑␤͒Ϸ͑0͒ ͑see Fig. 4͒ such that P͑ , ␤͒Ϸ P͑ , ␤͒ ␤=0 ϵ P͑͒. The bridging between the sudden and near-adiabatic limits can be accomplished by using the analogy to the Rozen-Zener-Demkov model, 37 which gives an analytical expression of the transition probability for arbitrary values of the Massey parameter. In this way, the transition probability P͑͒ between the nearadiabatic and sudden limits can be approximated by
where c =2͑0͒ = 2.396. Figure 5 compares numerically accurate transition probabilities P͑͒ with the approximation in Eq. ͑21͒.
IV. RATE COEFFICIENTS FOR ⌳-DOUBLING SPECIFIC CAPTURE IN THE NONADIABATIC REGIME
We now turn to the rate coefficients for capture in individual ⌳-doublet states. These will be derived by a generalization of our earlier treatment from Ref. 11. The reduced partial and total AC capture rate coefficients j,m AC , j AC ͑i.e., the ratio of the partial rate coefficients to the Langevin capture rate coefficient k 
where J is a classical counterpart of the quantum number of the total angular momentum, and the factor A͑T͒ is represented as
The energy U j,m max ͑J͒ is defined through the properties of the effective AC potentials, composed of the AC potential and the classical centrifugal energy,
The quantity U j,m max ͑J͒ in Eq. ͑22͒ corresponds to the maximum of the effective potential U j,m ͑R , J͒ if the latter possesses a barrier; it is equal to zero if U j,m ͑R , J͒ is attractive, and infinity if U j,m ͑R , J͒ is repulsive. The asymptotic form of j,m AC for temperatures substantially lower or higher than the characteristic temperature,
, is obtained from Eqs. ͑22͒ and ͑24͒ when only cd or cid terms in the AC potential V j,m ͑R͒, respectively, are used. One then has
In this expression, ⌰͑m͒ is a step function which selects the partial rate coefficients that correspond to attractive cd interaction. The lack of a dependence of the partial Langevin rate coefficients j,m cid on m implies that all potentials with attractive and repulsive cd terms lead to capture.
We now generalize Eq. ͑22͒ by taking into account the nonadiabatic transitions. The expression for the rate coefficient j,m AC generates two quantities, namely, j,m trans , which is related to the nonadiabatic transition ͑trans͒ and j,m surv , which is related to adiabatic survival ͑surv͒. Both quantities require thermal averaging of the transition/survival probabilities. Explicitly, we write where the allowed values of m are determined by the parity index from the adiabatic correlation = sign͑m͒. ͓The factor 2 at the right hand side of Eq. ͑28͒ is due to the fact that the normalizations of the rate in this and in the earlier paper 11 differ; j,m is defined as the rate per unit population of each ⌳ component, while j,m was defined as the rate per unit total population of both ⌳ components͔. Equation ͑28͒ leads to
One, therefore, can observe a splitting of the rate coefficients, for capture in the rotational state j with ⌳-doubling effect neglected, into two components which correspond to capture in the rotational states j , = + 1 and j , = −1 being separated by the energy spacing ⌬E j . Capture for the ⌳-doublet, with arbitrary populations n j,+ and n j,− of its components, can be characterized by an effective rate coefficient j eff as
For thermal populations of the components at ⌬E j / k B T Ӷ 1, n j,+ Ϸ n j,− such that j eff Ϸ j . At the lower limit of the temperature range T ӷ T ⌳ , near-adiabatic conditions are attained when j,− Ӷ j,+ such that j eff Ϸ j,+ / 2. For nonthermal populations with arbitrary relation between n j,+ and n j,− , j eff can range from j,+ ͑when only the lower component is populated͒ to j,− ͑when only the upper component is populated͒.
Quite general analytical results can be obtained under the condition that the AC potentials are calculated in the PR approximation. For instance, the AC PR potentials for ⍀ =1/ 2, j =1/ 2, where the cq term vanishes, read as
where ␣ PR is the effective PR polarizability, 
ͮ ͑33͒
Note that the high temperature limit ͑ PR ӷ 1͒ is ͱ ␣ PR / ␣ and not unity ͑that would correspond to the sum of partial contributions of 1/2,1/2 and 1/2,−1/2 ͒ since the effective PR polarizability ␣ PR differs from ␣. 
͑34͒
Here, the mean transition probability P has the expected values P = 0 and P =1/ 2 for the adiabatic and sudden limits, respectively. For the intermediate case, the quantity P serves as a means to express the two rate coefficients 1 
V. RATE COEFFICIENTS FOR ⌳-DOUBLING SPECIFIC CAPTURE IN THE ADIABATIC REGIME
At T Ϸ T ⌳ and below, capture occurs adiabatically with respect to transitions between the components of a ⌳-doublet and, therefore, the rate coefficient can be calculated in the framework of the AC approximation with AC potentials calculated by taking the ⌳-doubling splitting into account. In addition, one can use the PR approximation. Therefore, one can employ Eqs. ͑3͒-͑6͒ for numerical calculations of the capture rate coefficients j,m PR . However, a useful analytical result can be also be obtained when one neglects the chargequadrupole and the effective Langevin interactions against the intermediate Stark charge-dipole interaction. Although the leading asymptotic interaction ͑in the limit R → ϱ͒ is dominated by the charge-quadrupole term proportional to R −3 , there might exist a broad range of temperatures, within which the R −3 interaction term can be neglected in comparison to the R −4 term ͑since the latter contains a large factor which is inversely proportional to ⌬E j ͒ unless the dipole moment of the diatom is anomaly small.
We, therefore, consider a case where at all separations, the AC PR potentials are well represented by the chargepermanent dipole ͑cd͒ interaction in the intermediate Stark regime ͓Eq. ͑7͔͒. Since ͉Ṽ j,m cd ͑R͉͒ mϽ0 are repulsive, the capture rate coefficients ͉ j,m cd ͉ mϽ0 and j,− cd vanish. The capture rate coefficients j,m cd for m Ͼ 0 are then determined by the general expression ͓Eq. ͑22͔͒,
͑J͒ is the maximum of the effective potential
For the cd potential Ṽ j,m cd ͑R͒ from Eq. ͑7͒, the centrifugal
͑J͒ can be calculated analytically as
where J j,m = ͱ 2a j,m / ប 2 . Equation ͑37͒ then shows that the upper integration limit in Eq. ͑35͒ is actually J = J j,m , the largest relative angular momentum for which ͉Ũ j,m ͑R , J͉͒ ⌬E j =0 becomes nonattractive.
When the expression for Ũ j,m cd,max ͑J͒ from Eq. ͑37͒ is substituted into Eq. ͑35͒ and the integration variable is properly modified, one finds that ⌳-doubling in the rate coefficient j,m cd manifests itself by the appearance of an m-independent factor F = F͑ j ⌳ ͒ in front of the capture rate coefficient
where j,m cd is given by Eq. ͑25͒ and the function F = F͑ j ⌳ ͒ is defined as
It is important to note that this function damps the T −1/2 divergence of the rate coefficient j,m cd ͑T͒ and has the following asymptotic forms: F͑ j
ͮ ͑40͒
The function F͑ j ⌳ ͒ and some related functions are shown in Fig. 7 .
Since the factor F in Eq. ͑38͒ does not depend on m, the total rate coefficient for capture of a molecule in the lower ⌳ component of the rotational state j at very low temperatures, j,+ cd , is related to the total rate coefficient for the rotational state j with zero ⌳-doublet splitting, j , in the following simple way:
possesses the following limits for T ӷ⌬E j / k B and T Ӷ⌬E j / k B :
ͮ ͑42͒
This expression shows that for T ӷ⌬E j / k B the rate j,+ cd ͑T͒ is expressed through the adiabatic limit of the rate constant j cd ͑T͒. In the opposite case, for T Ӷ⌬E j / k B , the rate coefficient j,+ cd ͑T͒ =2 j cd ͑T͒ ͱ k B T / ⌬E j coincides with the scaled effective Langevin capture rate coefficient
where the factor ␣ is expressed via the effective partial polarizabilities ␣ j,m and ultimately through the dipole moment and the ⌳-doubling splitting,
Of course, the Langevin capture rate coefficient j,+ cd-L coincides with the total capture rate coefficient expressed through the partial capture rate
cd-L , which, in turn, are calculated for the effective Langevin
Since within the above treatment, the relative motion of the partners is described classically even in the low temperatures, j ⌳ Ӷ 1, one has to ensure that the contribution to the integral comes from J-values that are notably larger than unity. Indeed, inspection of the integrand in Eq. ͑39͒͒ for j ⌳ Ӷ 1 shows that this condition is fulfilled provided that ͑ j ⌳ ͒ 1/4 J j,m ӷ 1. This inequality can be reformulated as the condition that the temperature T is substantially higher than the characteristic ultralow temperature T j,m ULT for each individual capture channel given by T j,m ULT = ប 4 / 2 q 2 ␣ j,m . The latter condition guaranties the good performance of the classical approximation for calculating the capture rate coefficient with the potentials of Eq. ͑36͒. Assuming that the condition
ULT is fulfilled for all capture channels, we see that the ratio j,+ cd / j cd-L depends only on a single variable j ⌳ = k B T / ⌬E j , and can be represented as a universal function
The rate coefficient j,+ cd-L is expected to provide the dominant contribution to the accurate rate coefficient j,+ PR in the limit k B T Ӷ⌬E j . In this limit, the ratio j,+ PR / j,+ cd-L differs from unity by a term of the order of ␣ PR / ␣ which normally is very small ͓with ␣ from Eq. ͑44͒ and ␣ PR from Eq. ͑31͔͒. The difference between j,+ PR and j,+ cd is due to the neglect of the effective Langevin interaction, the term with the polarizability ␣ PR , and the charge-quadrupole interaction. The effect of the former can be easily accounted for while the latter cannot be considered in a simple way, and one has to resort to a general treatment for the potential of the form of Eq. ͑8͒ ͑see Ref.
13͒. However, due to large coefficients of the R −4 term, the effect of the R −3 term will show up only at extremely low temperatures where the hyperfine structure cannot be ignored.
On the basis of the present discussion, one can therefore recommend the following general expression for the capture rate coefficients across the whole temperature range ͑pro-vided that the relative motion of the partners is classical and hyperfine interaction is neglected͒:
The satisfactory performance of this formula across a wide temperature range, from T Ӷ T ⌳ to T ӷ T ⌳ , is guaranteed by the fact that, when damping is important, the capture is dominated by the cd interaction and, when the PR Langevin correction becomes noticeable, the damping is not important.
VI. DISCUSSION AND CONCLUSION
The ⌳-doubling specificity of capture rate coefficients is the entrance-channel counterpart of the ⌳-doubling propensity in the formation of diatomic products in the exit channels of decomposing statistical complexes. The latter process has been thoroughly studied by the statistical-closed-coupled method 15 cross sections and rate coefficients for the formation of OH͑ 2 ⌸͒ and OD͑ 2 ⌸͒ ͑see Refs. 17 and 18, respectively͒. The method employed in these papers takes into account all electronic and spin-orbit couplings in the exit channels, and the propensity toward the population of the ⌳-doubling components, presumably created in the complex, was found to survive "the myriad of crossings with the repulsive potentials which all coalesce as the fragments separate." 18 The interpretation of the origin of the propensity suggested in Refs. 38 and 39 ͑and modified later 17 ͒ are based on the consideration of the symmetry of the orbital of the bond to be broken with respect to the plane of rotation of the free fragment. These considerations adopt a picture, which neglects the mixing of the spatial components of the electronic functions of different symmetry under the action of spin-orbit interaction. 40 Therefore, they are applicable to molecules with Hund's coupling case b, such as this is approximately the case for OH͑X 2 ⌸͒, but they do not apply to Hund's coupling case a which is relevant for NO͑X 2 ⌸͒. We note in passing that the lowering of the asymmetry of the charge distribution in a rotating diatomic molecule, when the a diatom passes from the coupling case b to a is well-documented phenomenon ͑see the "Application 15" of Ref. 31 for a comparison of OH with NO͒.
Contrary to the full statistical-closed-coupled method, the approach in the present work is considerably less demanding since it takes into account simplifications that arise in the low-energy regime of the capture of the molecule in the case of Hund's coupling case a. These features allow one to consider the long-range interaction for a single electronic PES, neglect the coupling between the AC states that correlate with different rotational quantum numbers j, and treat the relative motion classically. The only coupling included in the treatment is the nonadiabatic interaction between AC states that arise from two ⌳-components belonging to the same j, and this coupling is described in the common trajectory approximation. It is important that when the condition of the common trajectory approximation ͑⌬E j Ӷ k B T͒ is violated with decreasing temperature, the nonadiabatic interaction can already be ignored, and different trajectories can be assigned to different adiabatic potentials. Quantum effects in the adiabatic relative motion of partners are expected to show up at even lower temperatures.
By reversibility arguments, the capture probability in the entrance channels can be rewritten as a decay probability of the complex into the respective exit channel j , m at a given total energy and total angular momentum. Here, the decay probability is the probability of leaving the potential well across a certain effective AC potential multiplied with the probability of adiabatic survival or nonadiabatic transition on the way to the final state j , . If one neglects the small energy correction ⌬E j , the ⌳-doubling propensity within two states, j , and j , Ј, in an exit channel j , m is governed only by the nonadiabatic transition probability; the propensity disappears when the final translational energy is large enough and the transition probability P j,m ͑E͒ reaches its sudden limit, P j,m ͑E͒ = P j,m sudd ͑E͒ =1/ 2. We thus see that, for two final states = Ϯ 1, the ⌳-doubling propensity is created at very large separations as the result of the dynamic nonadiabatic coupling between the AC states converging to different ⌳-doubling components. This illustrates the difference in the mechanisms of the ⌳-doubling propensity for the two different Hund coupling cases and for two different regimes of the final translational energy.
Returning to the ⌳-doubling specificity in state-resolved capture rate coefficients, we reiterate two basic features that allowed us to draw a general conclusion. First, the nonadiabatic transitions between ⌳-doubling AC states occurs at collision energies E which are substantially larger than the ⌳-doubling splitting ⌬E j in a free molecule. This is due to the magnitude of the parameter D m⍀ / ប 2 j͑j +1͒ which normally is quite large ͑if the dipole moment is not abnormally small and j is not too large͒ and which ensures a relatively large value of the Massey parameter even under the condition ⌬E j Ӷ E. The same condition permits the common-trajectory description of the nonadiabatic dynamics in the region of an intermediate Stark effect for the chargedipole interaction, and it ensures near-adiabatic capture in the region of potential barriers if these are determined by an interplay between linear Stark effect for cd interaction and other terms of the potential. With a decrease of E, the common-trajectory description becomes progressively less adequate but the transition probability becomes so low that one can neglect it altogether and treat the capture as a completely adiabatic event. Second, in the regime of adiabatic capture, an adequate description of the interaction is provided by the perturbed rotor potentials with an intermediate Stark effect for the charge-dipole term, other terms playing a minor role. The applicability of the PR approximation for the determination of potential barriers is guaranteed by the fact that ⌳-doubling splitting ⌬E j is much smaller than the energy of the rotational transition. At lower temperatures, capture occurs in the regime of quadratic Stark effect exceeding other terms. The combination of these results allowed us to suggest an approximate expression for the rate coefficients which describes nonadiabatic dynamics over the wide temperature ranges and corresponds to capture in AC potentials in an intermediate Stark effect regime.
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APPENDIX: GLOSSARY OF ABBREVIATIONS USED IN THIS PAPER

͑i͒
AC stands for adiabatic channel, PR stands for perturbed rotor, cd stands for charge-permanent dipole, cid stands for charge-induced dipole, cq stands for charge-quadrupole, and L stands for Langevin. ͑ii͒ j,m AC , j AC are the reduced partial ͑j , m-specific͒ and total ͑j-specific͒ AC capture rate coefficients calculated with the ⌳-doubling effect ignored ͑i.e., corresponding to the sudden transition between the ⌳ components͒. With AC replaced by PR, the rate coefficients j,m PR , j PR corresponds to AC PR poten-tials. With AC replaced by cd, the rate coefficients j,m cd , j cd correspond to the cd interaction in the linear Stark effect regime. ͑iii͒ j,m surv/trans are the reduced auxiliary capture rate coefficients corresponding to survival on a j , m AC potential and transition between j , m → j ,−m AC potentials for the motion across the nonadiabaticity region. ͑iv͒ j,m , j, are the reduced partial ͑j , m-specific͒ and total ͑j , -specific͒ rate coefficients for the capture in the linear Stark regime with account taken for nonadiabatic transitions between AC potentials. ͑v͒ j,m PR , j, PR are reduced partial ͑j , m-specific͒ and total ͑j , -specific͒ AC PR capture rate coefficients calculated with ⌳-doubling effect taken into account. With PR replaced by cd, the rate coefficients j,m cd , j, cd correspond to the cd interaction in the intermediate Stark effect regime. With PR replaced by cd-L, the rate coefficients j,m cd-L , j, cd-L correspond to the cd interaction in the quadratic Stark effect regime where the AC PR potentials are represented by an effective Langevintype ͑L͒ terms.
